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Clockwork models can explain the flavor hierarchies in the Standard Model quark and lepton
spectrum. We construct supersymmetric versions of such flavor clockwork models. The zero modes
of the clockwork are identified with the fermions and sfermions of the Minimal Supersymmetric
Standard Model. In addition to generating a hierarchical fermion spectrum, the clockwork also
predicts a specific flavor structure for the soft SUSY breaking sfermion masses. We find sizeable
flavor mixing among first and second generation squarks. Constraints from Kaon oscillations require
the masses of either squarks or gluinos to be above a scale of ∼ 3 PeV.
I. INTRODUCTION
Among the many motivations for physics beyond the
Standard Model (SM), there is the hierarchical structure
of the quark and lepton spectrum that remains unex-
plained in the SM. In fact, the SM Yukawa couplings
span several orders of magnitude, from anO(1) top quark
Yukawa coupling to an electron Yukawa coupling of a
few ×10−6. Numerous mechanisms have been invoked
in the literature to explain such a hierarchy, including
frameworks with spontaneously broken U(1) flavor sym-
metries [1–4], localization of fermions in extra dimen-
sions [5–8], models with large anomalous dimensions [9],
and models that explain the hierarchies with loop fac-
tors [10, 11] (see [12–20] for recent attempts based on
those ideas).
The clockwork mechanism [21] is another idea that
generates exponentially small interactions in theories
without small parameters at the fundamental level. As
discussed in [21–28], a flavor clockwork can be con-
structed to explain the hierarchical flavor structure of
the Yukawa couplings of the SM quarks and leptons. The
clockwork mechanism has also useful applications in the
context of axion physics [29–32], inflation [33, 34], and
dark sector physics [35–39]. Additional developments are
discussed in [40–44].
The flavor clockwork mechanism introduces, for each
quark and lepton of the SM, a system of fermionic
“gears”, consisting of N chiral fermions and N + 1
fermions with opposite chirality. By introducing a spe-
cific set of mass terms for the fermions, one finds a single
massless mode for each fermion flavor, with the remain-
ing fields combining into N massive Dirac fermions. The
massless mode contains a component of the last site of the
clockwork that is increasingly exponentially suppressed
as the number of gears, N , rises. Any interaction of
fields with the last site thereby translates into exponen-
tially suppressed couplings of the massless modes. In the
flavor clockwork setup, the massless modes are identified
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with the fermions of the SM. The gear number N is cho-
sen for each flavor to arrive at appropriately suppressed
Yukawa couplings to the Higgs boson. As long as the
clockwork mass scale is well above the SM scale of elec-
troweak symmetry breaking, the massive clockwork gear
fermions remain unobservable. For a sufficiently small
clockwork scale, they might be collider accessible [24].
Despite the absence of any sign of supersymmetric par-
ticles at the LHC [45], supersymmetry (SUSY) remains
one of the best motivated extensions of the SM. In the
context of a flavor clockwork setup, SUSY removes the
sensitivity of the electroweak scale to the clockwork scale,
stabilizing the Higgs mass against loop corrections from
the massive clockwork gears. In a SUSY version of the
flavor clockwork, the fermionic gears of the clockwork
are promoted to chiral superfields and the clockwork is
implemented at the level of the superpotential. Such a
setup results in hierarchical Yukawa couplings for the
zero modes that are identified with the fermions and
sfermions of the minimal supersymmetric standard model
(MSSM). Once soft SUSY breaking is included, the clock-
work mechanism will not only generate a hierarchical
spectrum of quarks and leptons, but will also leave char-
acteristic imprints on the spectrum of the squarks and
sleptons. In turn, the squarks and sleptons can give indi-
rect signatures in low-energy flavor violating processes.
It is well known that Flavor Changing Neutral Cur-
rent (FCNC) processes, that are forbidden in the SM
at tree level, are highly sensitive probes of New Physics
(NP). Particularly sensitive processes are meson oscilla-
tions that can probe generic flavor violating NP at scales
as high as ΛNP ∼ 105 TeV [46–48]. In this paper, we
show that in a SUSY flavor clockwork setup, sizable fla-
vor mixing among first and second generation squarks
is predicted if SUSY breaking is gravity mediated. We
consider constraints from Kaon mixing and derive generic
bounds on the masses of squarks and gluinos. We find
that the Kaon mixing constraints force either squarks or
gluinos to have masses of at least ∼ 3 PeV, introducing a
considerable hierarchy between the electroweak scale and
the scale of SUSY breaking masses.
This paper is organized as follows: In section II we pro-
vide the outline of a clockwork flavor model. The model























we detail the predicted flavor structure of the sfermion
masses. The constraints on the SUSY breaking masses
from Kaon mixing are discussed in section IV. We con-
clude in section V.
II. THE FLAVOR CLOCKWORK FOR SM
FERMIONS
It is instructive to first review the setup of “clockwork-
ing” a single fermion, for the mechanism can easily be ex-
tended to any number of them. We follow [21]. Consider
N left-chiral fermions ψ
(A)
L and N + 1 fermions with op-
posite chirality, ψ
(A)
R . In the limit of vanishing fermion
masses, a large global chiral symmetry emerges. Each










tively. Away from the massless limit, the global chiral
symmetry is broken. The degree of symmetry breaking
can be tracked by promoting the fermion masses to spu-
rion fields charged under the U(1) factors. The clock-
work mechanism is realized if the only symmetry break-





R and masses m
(A)
χ , with charges
(+1,−1) under U(1)(A)L ×U(1)
(A+1)
R . Taking for simplic-
ity m(A) = m and m
(A)
χ = −mχ, with a common clock-
work mass scale m and a gear ratio |χ| > 1, the relevant




















1 −χ 0 0 · · · 0 0
0 1 −χ 0 · · · 0 0








0 0 0 · · · 1 −χ 0
0 0 0 · · · 0 1 −χ

. (2)
The above mass matrix leaves a single chiral U(1)R sym-
metry unbroken. The residual chiral symmetry is char-
acterized by the existence of a massless mode. This is
made more apparent upon observing that the mass ma-

















where N is a normalization constant. As an eigenstate
of the only unbroken part of the chiral symmetry, this
is the only massless mode, as a singular value decom-
position of the mass matrix confirms. All other mass
eigenstates have non-degenerate masses of the order of
the clockwork scale m. Due to the unitarity of the diag-
onalization matrices, the projection of ψ
(N+1)
R onto the
massless mode ξR is (Nχ−N )∗.
We now review an example in which the clockwork
mechanism leads to exponentially suppressed couplings
of the massless mode to another sector. Consider an
interaction of the last fermion gear ψ
(N+1)
R modeled after
the SM Yukawa terms
L ⊃ −Ỹ qLHψ
(N+1)
R , (4)
where qL is a left-handed SM quark, and H the SM Higgs
doublet. Note that this implies that all the clockwork
fermions have to have the quantum numbers of the SM
right-handed up quark, uR = (3, 1,
2
3 ). The coupling Ỹ is
an O(1) complex number, representing a proto-Yukawa
coupling. Given the projection of ψ
(N+1)
R into the mass-
less mode ξR, it is apparent that the resulting Yukawa
coupling Y of the massless mode is exponentially sup-
pressed by a factor χ−N





Ỹ qLHξR . (5)
In the following, we set the mass of all the massive
modes in the clockwork (that have acted as “gears”) far
higher than the Higgs vacuum expectation value (vev),
v = 246 GeV, by choosing the clockwork scale m v. In
fact, we will assume that the massive fermions are suffi-
ciently heavy, such that they have a negligible impact on
phenomenology. The only observable state is the mass-
less mode which is identified with the SM right-handed
up quark, uR, and which has strongly suppressed inter-
actions as specified in (5). A similar construction can be
applied to all other SM fermions as well.
Based on the discussion above, it is clear that the flavor
structure of the SM Yukawa couplings may be attributed
to a clockwork theory that generically gives exponential
hierarchies in the couplings of the massless modes of the
clockwork. Extending the mechanism to the entire Stan-
dard Model fermion content (see e.g. [24]) corresponds
to systematically assigning each fermion to the massless
mode of its own gear system, with a characteristic clock-
work mass scale that we assume to be far above the elec-
troweak scale. In the following, we focus on the quark
sector. A completely analogous construction can also be
introduced for the charged leptons.
A crucial parameter that determines the couplings of
the massless modes is the gear ratio χ, which is gener-
ically expected to be an O(1) number. In the context
of quark Yukawa hierarchies, a natural choice is to re-
late χ to the sine of the Cabibbo angle, λ, such that
χ = 1/λ ' 4. We consider the simplest possible clock-
work extension of the SM flavor sector, with a universal
clockwork mass m for all quark gear systems and a uni-
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= −mχ = −m
λ
. (7)
The number of massive gears will be denoted by
{N jq , N ju, N
j
d}, where j runs over the flavor indices, j =
1, 2, 3. N jq is the number of gears of the left-handed quark
doublets of flavor j, while N ju and N
j
d are the numbers
of gears of the right-handed up quark and down quark
singlets of flavor j.
These parameters, as well as the choice of proto-
Yukawa couplings determine the Yukawa couplings of the
SM quarks. Following the same procedure as in the single
fermion case discussed above, one finds the SM Yukawa
couplings




x , x = u, d . (8)
Here and in the following we work to leading order in an
expansion in the gear ratio 1/χ = λ. Diagonalizing the
Yukawa matrices in (8) determines the quark masses and




















For the diagonalization matrices one finds the following
scaling with the gear ratio
V ijLx ∼ χ
−|Njq−N
i
q|, V ijRx ∼ χ
−|Njx−N
i
x|, x = u, d . (12)
Due to the suppression of the off-diagonal entries of the
diagonalization matrices by powers of the gear ratio, the
quark masses are, to a good approximation, given by the














































In the equations above, the quark masses should be eval-
uated at the clockwork scale. The renormalization group
running to high scales can have a significant impact on
the quark masses. Therefore, it is convenient to work
with ratios of quark masses that are, to a reasonable ap-
proximation, renormalization group invariant [12]. Using
the quark masses from [49] and evolving them to a com-
mon renormalization scale µ = v = 246 GeV, taking into
account 3 loop QCD running [50], we find
mu
mt
' 7.3× 10−6 , md
mb
' 9.5× 10−4 , (16)
mc
mt
' 3.7× 10−3 , ms
mb
' 1.9× 10−2 , (17)
mb
mt
' 1.7× 10−2 . (18)
Since the top quark mass is of the order of the electroweak
scale and gear numbers are non-negative, we set
N3q = N
3
u = 0 . (19)
Using λ = 0.2252 [49], we find that the quark mass ratios
give the following constraints on the other gear numbers
N1q +N
1




d −N3d = 4 , (20)
N2q +N
2




d −N3d = 2 , (21)
N3d = 3 , (22)
where we pick the integer gear numbers such as to min-
imize the deviation of the relevant proto-Yukawa ratios
from 1.
In the case of the CKM matrix, it is sufficient to con-





























Comparing with the usual Wolfenstein parameterization,
gives two additional conditions on the gear numbers of
the left-handed quark doublets
N1q −N3q = 3 , N2q −N3q = 2 . (24)
The complex off-diagonal entries of the O(1) proto-
Yukawa couplings can be adjusted to reproduce the
known magnitudes of the CKM matrix elements and
the CP-violating CKM phase. Analogous to the quark
masses, also the CKM matrix elements should be evalu-
ated at the clockwork scale. However, the scale depen-
dence of the CKM matrix is very mild [51] and can be
neglected for our purposes.





 , Nu =
 52
0




These gear numbers correspond to the following scaling
of the Yukawa couplings with the Cabibbo angle
Yu ∼
λ8 λ5 λ3λ7 λ4 λ2
λ5 λ2 1
 , Yd ∼
λ7 λ6 λ6λ6 λ5 λ5
λ4 λ3 λ3
 , (26)
where we do not explicitly show the dependence on the
proto-Yukawa couplings. For a similar analysis, one may
also follow the discussion in [24] where a slightly differ-
ent choice of gear numbers has been made (see also [3]).
Small changes in gear numbers can be compensated by
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) N id + 1
TABLE I. Field content of the supersymmetric flavor clock-
work. The multiplicities indicate the vector dimension of the
corresponding superfield in clockwork space.
corresponding changes in the proto-Yukawa couplings
and the precise value of the gear ratio χ.
The above discussion serves to highlight the validity
and key features of the clockwork mechanism in the con-
text of a setup that explains the SM flavor hierarchies.
In the next section, we will construct a supersymmetric
version of this setup.
III. THE SUPERSYMMETRIC FLAVOR
CLOCKWORK
Starting from the flavor clockwork setup discussed
above, we promote the clockwork fermions to chiral su-
perfields. The matter field content then consists of gear
systems for the three generations of left-handed quark
doublet superfields ΦQi , ΦQci the three generations of
right-handed up-quark singlet superfields ΦUci , ΦUi , and
the three generations of right-handed down-quark singlet
superfields ΦDci , ΦDi , where i = 1, 2, 3 is the flavor index.
The boldface notation indicates that the superfields are
vectors in clockwork space, each with an individual mul-
tiplicity of fields. The field content with the respective
multiplicities is summarized in Table I.
Including the usual two Higgs doublets of the MSSM,
Hu and Hd, the relevant part of the superpotential reads
W ⊃ ΦQimQiΦQci + ΦUimUiΦUci + ΦDimDiΦDci
+ Ỹ iju HuΦQi∆
ij




d ΦDcj , (27)
where sums over the flavor indices i, j remain implicit.
In addition, the superpotential also includes the stan-
dard Peccei-Quinn breaking term of the Higgs doublets,
µHuHd. The clockwork masses mQi , mUi , and mDi are
(N iq+1)×N iq, N iu× (N iu+1), and N id× (N id+1) matrices
in clockwork space, and they are multiplied by superfield
vectors of corresponding size. Assuming for simplicity
that the mass matrices of the clockwork structure are
universal, with a common clockwork scale m = ΛCW and











The ∆iju and ∆
ij
d in the second line of (27) are (N
i
q +
1) × (N jx + 1) matrices in clockwork space with a single
non-zero entry for the last sites of each gear system




B , x = u, d . (30)
The corresponding Ỹu and Ỹd trilinear coefficients are
flavor anarchic proto-Yukawa couplings that connect the
three flavors of up-quark and down-quark fields at the
last site of each gear system.
Next, we introduce soft SUSY breaking terms to pro-
vide all superpartners of Standard Model fields with
masses above the current bounds from direct searches.
We assume that SUSY breaking is gravity mediated to
the visible sector by Planck scale suppressed operators.
As long as the clockwork scale is sufficiently below the
Planck scale ΛCW < MPl, the SUSY breaking Lagrangian
respects the chiral symmetries of the clockwork structure,
and mixing among different flavors is only possible at the
last site of each gear system. Therefore, the relevant soft















































where sums over flavor indices i, j are implicit, and Q̃i,
Q̃ci , Ũi, Ũ
c
i , and D̃i, D̃
c
i are the scalar components of the
superfield gear systems. The various soft breaking masses
µ2 are diagonal matrices in clockwork space. Generically,
we expect the non-zero entries to be of the same order





and ∆ijD are (N
i
q + 1) × (N jq + 1), (N iu + 1) × (N ju + 1),
and (N id + 1) × (N
j
d + 1) matrices in clockwork space,
respectively, each with a single non-zero entry for the
last clockwork site. The soft breaking masses (M2Q)ij ,
(M2U )ij , and (M
2
D)ij are generically expected to be flavor
anarchic and also of the order ∼ m2S .
The trilinear A-terms that couple squarks to the Higgs
bosons have a structure similar to the proto-Yukawa cou-
plings in the superpotential






j + h.c. . (32)
Generically, one expects the trilinear terms to be fla-
vor anarchic, and of the same order of the soft masses
Aijx ∼ mS , or 1-loop suppressed Aijx ∼ mS/16π2 if
their dominant contribution arises from anomaly medi-
ation [52]. The lack of experimental evidence for SUSY
particles implies that the SUSY masses have to be signif-
icantly above the electroweak scale. In such a case, the
5
trilinear terms have a negligible impact on the low energy
flavor observables that we will analyze in the next sec-
tion. Therefore, we will not consider the trilinear terms
in any further detail.
In addition to the soft SUSY breaking terms discussed
above, the gaugino masses and the Bµ term can be intro-
duced analogously to the MSSM. Of particular relevance
for the discussion of the flavor constraints in section IV
is the gluino mass mg̃. We will assume that the gluino
mass is of the order of the soft scalar masses mS , keeping
in mind that 1-loop suppressed gaugino masses are mo-
tivated as well in the context of anomaly mediation [52].
The scenario we consider is then characterized by the
following important scales
v < mg̃,mS  ΛCW < MPl . (33)
SUSY stabilizes the electroweak scale against quantum
corrections of the order of the clockwork scale or the
Planck scale. As SUSY holds to an excellent approxi-
mation at the clockwork scale, all superfields Φ may be
rotated into their mass eigenbases that render the clock-





d massive modes with masses of the or-
der of the clockwork scale ΛCW, that are decoupled from
phenomenology. The massless modes may consequently











R). Analogous to the non-








(Qi, Q̃i)A , (34)









i )A , (35)









i )A , (36)
where we suppressed normalization factors of order 1 +
O(χ−2). The Yukawa couplings of the massless super-
fields have the exponential structure given in (8).
In a supersymmetric context, the gear numbers derived
in (25) need to be adjusted. As up-type quarks obtain
their mass from the Higgs doublet Hu and down-type
quarks from the Higgs doublet Hd, part of the hierar-
chical fermion spectrum could be due to a large ratio of
Higgs vevs tanβ = vu/vd. Among the constraints on
the gear numbers discussed in section II, the constraint
in (22) gets therefore modified to
N3d = 3− n , (37)
where the integer n is determined by the size of tanβ in
terms of the gear ratio tanβ ∼ χn. Viable choices are




 , Nu =
 52
0
 , Nd =
 4− n3− n
3− n
 . (38)
The squark components of the massless superfields ac-
quire soft SUSY breaking masses from the terms in (31).
Since the clockwork mass scale, ΛCW, is much larger than
the soft scalar masses ∼ mS , the treatment of the soft
masses as a perturbation on the clockwork structures
provides an excellent approximation of the squark mass
matrices. We find for the left-handed and right-handed





























These mass matrices are obtained upon discarding terms
that are higher order in m2S/Λ
2
CW and in the gear ra-
tio 1/χ. The leading flavor diagonal squark masses are
provided by the soft SUSY breaking terms of the first







masses are all of order m2S and not suppressed by the
gear ratio. It is important to note that these masses are
flavor diagonal but not necessarily flavor universal. The
flavor violating masses originate from the M2Q, M
2
U , and
M2D terms and are suppressed by powers of the gear ratio.































































where x = u, d. At first sight, this flavor structure of
the squark masses seems to indicate strongly suppressed
flavor mixing, in particular between the first and second
generation of squarks. However, to make the connec-
tion to phenomenology, it is important to express the
squark masses in (42) and (43) in the super-CKM basis.
Performing the flavor rotations (12) that diagonalize the
quark Yukawa couplings also on the squarks gives the












, x = u, d , (45)
where the un-hatted m2x̃R and m
2
x̃L
are the squark mass
matrices in the super-CKM basis. As mentioned above,




sal and the rotations therefore tend to increase the off-
diagonal entries. This is particularly relevant for the
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where x = u, d. Note that the mass matrices of the right-




pendent from each other. In contrast, the mass matrices
for the left-handed squarks are related due to SU(2)L
symmetry
m2ũL = VCKM m
2
d̃L
V †CKM . (48)
Using the gear numbers in (38), the squark masses in the
super-CKM basis have the following explicit scaling with
















1 λ λλ 1 1
λ 1 1
 . (50)
The off-diagonal entries can be complex and are gener-
ically expected to have O(1) CP-violating phases. We
note in particular sizeable entries of O(λ) that lead to
mixing of the first and second generation of down type
squarks. This is reminiscent of the situation in the
simplest supersymmetric Froggatt-Nielsen flavor models
with a single U(1) flavor symmetry [3].
IV. CONSTRAINTS FROM MESON MIXING
In the presence of flavor violating squark masses, many
low-energy flavor observables receive SUSY contributions
[53, 54]. Particularly sensitive probes of flavor violating
squarks are Kaon oscillations that are potentially sensi-
tive to squarks at the PeV scale [55, 56].
The observables of interest are ∆mK , the frequency of
K0−K̄0 oscillations, and εK , that measures indirect CP-
violation K0 − K̄0 oscillations. The computation of me-
son oscillation observables is commonly cast into an OPE
framework, providing an effective Hamiltonian consist-








C̃kÕk + h.c. . (51)
Based on this effective Hamiltonian, the observables can
be computed as




Im 〈K0|Heff |K̄0〉 , (53)
where κε ' 0.94 ± 0.02 [57] encapsulates long-distance
contributions to the CP violating parameter.
The dominant SUSY contributions to the Wilson coef-
ficients are coming from gluino-squark loops and are pro-
portional to the mixing between the first and second gen-
eration of down-type quarks. Additional chargino-squark
and neutralino-squark loop contributions have been con-
sidered for example in [58, 59]. They can be relevant in
regions of parameter space where gluino contributions are
accidentally small. This is not the case in our scenario.
The relevant entries in the squark mass matrices (50)
and (49) that enter the gluino contributions are sup-
pressed by the sine of the Cabibbo angle. It is thus
justified to work in the mass insertion approximation,
expanding the SUSY contributions to first order in the












Additional left-right mixing mass insertions are propor-
tional to the trilinear soft A-terms introduced in (32).
They are suppressed by the electroweak scale (δdij)LR ∝
v/mS and can be safely neglected. In that case, the only



































where α, β = 1, . . . , 3 are color indices. In the mass in-
sertion approximation, the Wilson coefficients depend on
the gluino mass mg̃ and the common squark mass mS .

















































The loop functions are normalized such that fi(1) = 1,
7
and the explicit expressions are
f1(x) =





log x , (63)
f4(x) =
10(2− 99x− 54x2 + 7x3)
23(1− x)4
− 60x(5 + 19x)
23(1− x)5
log x , (64)
f5(x) =





log x . (65)
The operator matrix elements 〈Oi〉 = 〈K0|Oi |K̄0〉, rel-
evant to evaluate the observables ∆mK and εK in (52)
and (53), can be written as
























where fK = 155.7 MeV [61] is the Kaon decay con-
stant. For the so-called bag parameters Bi we use the
lattice determinations from [62] B1 = 0.506 ± 0.017,
B4 = 0.78± 0.05, and B5 = 0.49± 0.04. Note that these
parameters are renormalization scheme and scale depen-
dent and the given values correspond to the MS scheme at
a low hadronic scale of µlow = 3 GeV. The quark masses
in the matrix elements (67) and (68) have to be evalu-
ated in the same scheme and at the same scale. We use
ms(µlow) ' 86 MeV and md(µlow) ' 4.3 MeV [49, 50].
Note the chiral enhancement of the matrix elements 〈O4〉
and 〈O5〉 by the factor m2K/(md +ms)2 ' 30.
In contrast to the hadronic matrix elements, the Wil-
son coefficients discussed above are defined at a high
renormalization scale that corresponds to the masses of
the SUSY particles µhigh ∼ mS ,mg̃. In particular, the
strong coupling constant in the Wilson coefficients is eval-
uated at that scale. The Wilson coefficients are evolved
to the low scale µlow by solving their renormalization
group equations [63–65]. At the low scale they are com-
bined with the hadronic matrix elements to determine
the observables ∆mK and εK . As we consider the lead-
ing order SUSY contributions to the Wilson coefficients,
1-loop running is appropriate. The low scale Wilson co-










































6 C5(µhigh) , (72)
where the ηi factors are ratios of the strong coupling con-
























We use the numerical values η4 ' 0.89 and η5 ' 0.48 [50].
We decide to evaluate η6 at the larger of the squark mass
and gluino mass µhigh = max(mg̃,mS).
In Figure 1, we show the SUSY contributions to εK
(left plot) and to ∆mK (right plot) as function of the
gluino mass mg̃ and the generic squark mass mS . The
solid black contours in the left plot indicate the size of
the contribution εSUSYK relative to the uncertainty of the
SM prediction [66]
εSMK = (2.16± 0.18)× 10−3 , (74)
which is in excellent agreement with the very precise ex-
perimental value [49]
εexpK = (2.228± 0.011)× 10
−3 . (75)
SUSY contributions significantly larger than the SM the-
ory uncertainty are therefore excluded. The dark (light)
red region in the left plot of Figure 1, corresponds to a
SUSY contribution larger than 2× (1.5×) the SM uncer-
tainty.
The solid contours in the right plot of Figure 1 indicate
the size of ∆mSUSYK relative to the measured value [49]
∆mexpK = (3.484± 0.006)× 10
−15 GeV . (76)
The SM prediction of ∆mK is subject to large hadronic
uncertainties. Perturbative calculations of the short-
distance piece find values close to the experimental value
with ∼ 40% uncertainty [67]. First lattice calculations
that include both short-distance and long-distance parts
have similar precision [68–70]. In such a situation, it is a
meaningful approach to bound the size of the SUSY con-
tributions to ∆mK by the experimental value itself. In
the right plot of Figure 1, the dark (light) red region cor-
responds to a ∆mSUSYK that saturates the experimental
value (corresponds to 50% of the experimental value).
For definiteness we use the following values of the mass







































= λ2 . (77)
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FIG. 1. Constraints on the squark and gluino masses from Kaon oscillations. In the red regions, the SUSY contributions to
εK (left) and ∆mK (right) exceed acceptable values. The solid black contours indicate the size of ε
SUSY
K relative to the SM
uncertainty of εK and the size of ∆m
SUSY
K relative to the experimental central value of ∆mK , respectively.
Order one changes in the mass insertions lead to order
one changes in the excluded regions in the squark and
gluino masses. Note that the new physics effect to Kaon
mixing is dominated by the contribution from the Wilson
coefficient C4 ∝ (δd12)LL(δd12)RR, because C4 contains the
largest numerical pre-factor, see (61), and comes with a
chirally enhanced matrix element 〈O4〉, see (67). The
explicit choice of signs in the above mass insertions cor-
responds to a positive SUSY contribution to the Kaon
mixing matrix element MK12 = 〈K0|Heff |K̄0〉. Different
sign choices do not qualitatively change the results shown
in Figure 1.
We see that εK severely constrains the masses of the
SUSY particles. Either squarks or gluinos have to be
heavier than a few PeV in the considered SUSY flavor
clockwork model. The constraint from ∆mK is signifi-
cantly weaker, leading to lower bounds on the squark or
gluino masses of around 100 TeV.
V. DISCUSSION AND CONCLUSIONS
In this paper, we constructed a supersymmetric ver-
sion of a flavor model based on the clockwork mechanism.
For each SM fermion, a gear system is introduced that
leads to an exponential suppression of its Yukawa cou-
plings with the exponent determined by the number of
gear fermions. All massive gear fermions have a mass of
the order of the clockwork scale ΛCW and decouple from
phenomenology. SUSY stabilizes the electroweak scale
against quantum corrections proportional to ΛCW (and
the Planck scale).
The flavor clockwork leaves a characteristic imprint on
the masses of the fermions’ superpartners. Assuming
gravity mediated SUSY breaking, we find that the fla-
vor clockwork predicts sizable flavor changing entries in
the squark mass matrices. In particular, mixing between
the first and second generation of squarks is predicted to
be of the order of the Cabibbo angle.
The large flavor mixing of squarks leads to large 1-
loop contributions to Kaon oscillations. In the absence of
accidental cancellations and assuming generic O(1) CP-
violating phases, we find that squarks or gluinos have to
have masses of at least a few PeV to avoid the stringent
constraints from the Kaon mixing observable εK .
For PeV scale SUSY particles, the new physics effects
in other neutral meson systems is strongly suppressed.
First, Bs, Bd, and D
0 meson oscillations are generically
less sensitive to new physics compared to Kaon oscilla-
tions. Second, in the considered SUSY model, the rele-
vant mass insertions in (49) and (50) are suppressed by
additional powers of the Cabibbo angle λ. Taking into
account only the dominant contribution from the Wilson
coefficient C4, and neglecting O(1) ratios of hadronic ma-
trix elements, we find the following approximate scaling















. 5× 10−7 , (78)
far below any foreseeable sensitivities. Similarly in D0
9
mixing we expect new physics effects that are several
orders of magnitude below the current sensitivities.
The mass of the SM-like Higgs boson of mh '
125.5 GeV is easily achieved in a scenario with squarks
at the PeV scale without the need of large stop mix-
ing [71]. The preferred value for tanβ is on the low side,
tanβ ∼ O(1) or O(χ).
On the downside, very heavy squarks and gluinos cor-
respond to a severe fine tuning of the electroweak scale
of the order of v2/m2S ∼ 10−8. Interestingly, in the mini-
split SUSY scenario with gaugino masses, a 1-loop factor
below the scalar masses [72, 73] is compatible with the
experimental constraints on the SUSY flavor clockwork.
The gauginos might be collider accessible.
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[17] A. Smolkovič, M. Tammaro, and J. Zupan, Anomaly
free Froggatt-Nielsen models of flavor, JHEP 10, 188,
arXiv:1907.10063 [hep-ph].
[18] S. J. D. King and S. F. King, Fermion mass hi-
erarchies from modular symmetry, JHEP 09, 043,
arXiv:2002.00969 [hep-ph].
[19] F. Arias-Aragón, C. Bouthelier-Madre, J. M. Cano, and
L. Merlo, Data Driven Flavour Model, Eur. Phys. J. C
80, 854 (2020), arXiv:2003.05941 [hep-ph].
[20] M. Fedele, A. Mastroddi, and M. Valli, Mini-
mal Froggatt-Nielsen textures, JHEP 03, 135,
arXiv:2009.05587 [hep-ph].
[21] G. F. Giudice and M. McCullough, A Clockwork Theory,
JHEP 02, 036, arXiv:1610.07962 [hep-ph].
[22] K. M. Patel, Clockwork mechanism for flavor hierarchies,
Phys. Rev. D 96, 115013 (2017), arXiv:1711.05393 [hep-
ph].
[23] A. Ibarra, A. Kushwaha, and S. K. Vempati, Clockwork
for Neutrino Masses and Lepton Flavor Violation, Phys.
Lett. B 780, 86 (2018), arXiv:1711.02070 [hep-ph].
[24] R. Alonso, A. Carmona, B. M. Dillon, J. F. Kamenik,
J. Martin Camalich, and J. Zupan, A clockwork solu-
tion to the flavor puzzle, JHEP 10, 099, arXiv:1807.09792
[hep-ph].
[25] S. Hong, G. Kurup, and M. Perelstein, Clockwork Neu-
trinos, JHEP 10, 073, arXiv:1903.06191 [hep-ph].
[26] F. Abreu de Souza and G. von Gersdorff, A Random
Clockwork of Flavor, JHEP 02, 186, arXiv:1911.08476
[hep-ph].
[27] G. von Gersdorff, Realistic GUT Yukawa couplings from
a random clockwork model, Eur. Phys. J. C 80, 1176
(2020), arXiv:2005.14207 [hep-ph].
[28] K. S. Babu and S. Saad, Flavor Hierarchies from Clock-
work in SO(10) GUT, Phys. Rev. D 103, 015009 (2021),
arXiv:2007.16085 [hep-ph].
[29] M. Farina, D. Pappadopulo, F. Rompineve, and
A. Tesi, The photo-philic QCD axion, JHEP 01, 095,
arXiv:1611.09855 [hep-ph].
[30] R. Coy, M. Frigerio, and M. Ibe, Dynamical Clockwork
Axions, JHEP 10, 002, arXiv:1706.04529 [hep-ph].
[31] P. Agrawal, G. Marques-Tavares, and W. Xue, Open-
ing up the QCD axion window, JHEP 03, 049,
arXiv:1708.05008 [hep-ph].
[32] A. J. Long, Cosmological Aspects of the Clockwork Ax-
ion, JHEP 07, 066, arXiv:1803.07086 [hep-ph].
[33] A. Kehagias and A. Riotto, Clockwork Inflation, Phys.
Lett. B 767, 73 (2017), arXiv:1611.03316 [hep-ph].
[34] W. Tangarife, K. Tobioka, L. Ubaldi, and T. Volan-
sky, Dynamics of Relaxed Inflation, JHEP 02, 084,
arXiv:1706.03072 [hep-ph].
[35] T. Hambye, D. Teresi, and M. H. G. Tytgat, A Clockwork
WIMP, JHEP 07, 047, arXiv:1612.06411 [hep-ph].
10
[36] A. Goudelis, K. A. Mohan, and D. Sengupta, Clockwork-
ing FIMPs, JHEP 10, 014, arXiv:1807.06642 [hep-ph].
[37] N. Craig and I. Garcia Garcia, Rescuing Massive Photons
from the Swampland, JHEP 11, 067, arXiv:1810.05647
[hep-th].
[38] T. Gherghetta, J. Kersten, K. Olive, and M. Pospelov,
Evaluating the price of tiny kinetic mixing, Phys. Rev. D
100, 095001 (2019), arXiv:1909.00696 [hep-ph].
[39] K. J. Bae and S. H. Im, Supersymmetric Clockwork Ax-
ion Model and Axino Dark Matter, Phys. Rev. D 102,
015011 (2020), arXiv:2004.05354 [hep-ph].
[40] A. Ahmed and B. M. Dillon, Clockwork Gold-
stone Bosons, Phys. Rev. D 96, 115031 (2017),
arXiv:1612.04011 [hep-ph].
[41] N. Craig, I. Garcia Garcia, and D. Sutherland, Dis-
assembling the Clockwork Mechanism, JHEP 10, 018,
arXiv:1704.07831 [hep-ph].
[42] A. Kehagias and A. Riotto, The Clockwork Supergravity,
JHEP 02, 160, arXiv:1710.04175 [hep-th].
[43] D. Teresi, Clockwork without supersymmetry, Phys.
Lett. B 783, 1 (2018), arXiv:1802.01591 [hep-ph].
[44] F. Sannino, J. Smirnov, and Z.-W. Wang, Asymptotically
safe clockwork mechanism, Phys. Rev. D 100, 075009
(2019), arXiv:1902.05958 [hep-ph].
[45] A. Canepa, Searches for Supersymmetry at the Large
Hadron Collider, Rev. Phys. 4, 100033 (2019).
[46] G. Isidori, Y. Nir, and G. Perez, Flavor Physics Con-
straints for Physics Beyond the Standard Model, Ann.
Rev. Nucl. Part. Sci. 60, 355 (2010), arXiv:1002.0900
[hep-ph].
[47] L. Silvestrini and M. Valli, Model-independent Bounds
on the Standard Model Effective Theory from
Flavour Physics, Phys. Lett. B 799, 135062 (2019),
arXiv:1812.10913 [hep-ph].
[48] J. Aebischer, C. Bobeth, A. J. Buras, and J. Kumar,
SMEFT ATLAS of ∆F = 2 transitions, JHEP 12, 187,
arXiv:2009.07276 [hep-ph].
[49] P. Zyla et al. (Particle Data Group), Review of Particle
Physics, PTEP 2020, 083C01 (2020).
[50] K. G. Chetyrkin, J. H. Kuhn, and M. Steinhauser, Run-
Dec: A Mathematica package for running and decoupling
of the strong coupling and quark masses, Comput. Phys.
Commun. 133, 43 (2000), arXiv:hep-ph/0004189.
[51] C. Balzereit, T. Mannel, and B. Plumper, The Renormal-
ization group evolution of the CKM matrix, Eur. Phys.
J. C 9, 197 (1999), arXiv:hep-ph/9810350.
[52] G. F. Giudice, M. A. Luty, H. Murayama, and R. Rat-
tazzi, Gaugino mass without singlets, JHEP 12, 027,
arXiv:hep-ph/9810442.
[53] F. Gabbiani, E. Gabrielli, A. Masiero, and L. Silvestrini,
A Complete analysis of FCNC and CP constraints in gen-
eral SUSY extensions of the standard model, Nucl. Phys.
B 477, 321 (1996), arXiv:hep-ph/9604387.
[54] W. Altmannshofer, A. J. Buras, S. Gori, P. Paradisi, and
D. M. Straub, Anatomy and Phenomenology of FCNC
and CPV Effects in SUSY Theories, Nucl. Phys. B 830,
17 (2010), arXiv:0909.1333 [hep-ph].
[55] W. Altmannshofer, R. Harnik, and J. Zupan, Low En-
ergy Probes of PeV Scale Sfermions, JHEP 11, 202,
arXiv:1308.3653 [hep-ph].
[56] G. Isidori and S. Trifinopoulos, Exploring the flavour
structure of the high-scale MSSM, Eur. Phys. J. C 80,
291 (2020), arXiv:1912.09940 [hep-ph].
[57] A. J. Buras, D. Guadagnoli, and G. Isidori, On εK Be-
yond Lowest Order in the Operator Product Expansion,
Phys. Lett. B 688, 309 (2010), arXiv:1002.3612 [hep-ph].
[58] W. Altmannshofer, A. J. Buras, and D. Guadagnoli, The
MFV limit of the MSSM for low tan(beta): Meson mix-
ings revisited, JHEP 11, 065, arXiv:hep-ph/0703200.
[59] A. Crivellin and M. Davidkov, Do squarks have to
be degenerate? Constraining the mass splitting with
Kaon and D mixing, Phys. Rev. D 81, 095004 (2010),
arXiv:1002.2653 [hep-ph].
[60] M. Ciuchini et al., Delta M(K) and epsilon(K) in SUSY
at the next-to-leading order, JHEP 10, 008, arXiv:hep-
ph/9808328.
[61] S. Aoki et al. (Flavour Lattice Averaging Group), FLAG
Review 2019: Flavour Lattice Averaging Group (FLAG),
Eur. Phys. J. C 80, 113 (2020), arXiv:1902.08191 [hep-
lat].
[62] N. Carrasco, P. Dimopoulos, R. Frezzotti, V. Lubicz,
G. C. Rossi, S. Simula, and C. Tarantino (ETM), ∆S=2
and ∆C=2 bag parameters in the standard model and be-
yond from Nf=2+1+1 twisted-mass lattice QCD, Phys.
Rev. D 92, 034516 (2015), arXiv:1505.06639 [hep-lat].
[63] M. Ciuchini, E. Franco, V. Lubicz, G. Martinelli,
I. Scimemi, and L. Silvestrini, Next-to-leading order QCD
corrections to Delta F = 2 effective Hamiltonians, Nucl.
Phys. B 523, 501 (1998), arXiv:hep-ph/9711402.
[64] A. J. Buras, M. Misiak, and J. Urban, Two loop QCD
anomalous dimensions of flavor changing four quark oper-
ators within and beyond the standard model, Nucl. Phys.
B 586, 397 (2000), arXiv:hep-ph/0005183.
[65] A. J. Buras, S. Jager, and J. Urban, Master formulae
for Delta F=2 NLO QCD factors in the standard model
and beyond, Nucl. Phys. B 605, 600 (2001), arXiv:hep-
ph/0102316.
[66] J. Brod, M. Gorbahn, and E. Stamou, Standard-Model
Prediction of εK with Manifest Quark-Mixing Unitarity,
Phys. Rev. Lett. 125, 171803 (2020), arXiv:1911.06822
[hep-ph].
[67] J. Brod and M. Gorbahn, Next-to-Next-to-Leading-
Order Charm-Quark Contribution to the CP Violation
Parameter εK and ∆MK , Phys. Rev. Lett. 108, 121801
(2012), arXiv:1108.2036 [hep-ph].
[68] N. H. Christ, T. Izubuchi, C. T. Sachrajda, A. Soni, and
J. Yu (RBC, UKQCD), Long distance contribution to the
KL-KS mass difference, Phys. Rev. D 88, 014508 (2013),
arXiv:1212.5931 [hep-lat].
[69] Z. Bai, N. H. Christ, T. Izubuchi, C. T. Sachrajda,
A. Soni, and J. Yu, KL − KS Mass Difference from
Lattice QCD, Phys. Rev. Lett. 113, 112003 (2014),
arXiv:1406.0916 [hep-lat].
[70] B. Wang, Calculation of the KL−KS mass difference for
physical quark masses, PoS LATTICE2019, 093 (2019),
arXiv:2001.06374 [hep-lat].
[71] G. F. Giudice and A. Strumia, Probing High-Scale and
Split Supersymmetry with Higgs Mass Measurements,
Nucl. Phys. B 858, 63 (2012), arXiv:1108.6077 [hep-ph].
[72] A. Arvanitaki, N. Craig, S. Dimopoulos, and G. Vil-
ladoro, Mini-Split, JHEP 02, 126, arXiv:1210.0555 [hep-
ph].
[73] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner,
and T. Zorawski, Simply Unnatural Supersymmetry,
(2012), arXiv:1212.6971 [hep-ph].
